Aims/hypothesis. The renin angiotensin system is emerging as a potential therapeutic target for diabetic retinopathy. This study examines the effects of angiotensin-converting-enzyme inhibition by captopril and angiotensin AT 1 receptor antagonism using candesartan-cilexetil on retinal blood flow and acetylcholinestimulated vasodilatation in normotensive diabetic rats. Methods. Non-diabetic or streptozotocin-induced diabetic rats were treated for 2 weeks with captopril (100 mg/kg/day) or candesartan cilexetil (2 mg/kg/day). Retinal haemodynamics were measured using video fluorescein angiography. Effects of exogenous acetylcholine on retinal haemodynamics were examined following intravitreal injection. Total retinal diacylglycerol was labelled using diacylglycerol kinase, separated by thin-layer chromatography, and quantified using autoradiography. Results. Diabetic rats had prolonged retinal mean circulation time and decreased retinal blood flow compared with non-diabetic rats. Treatment of diabetic rats with either captopril or candesartan blocked the development of these blood flow abnormalities. Intraviteral injection of acetylcholine (10 −5 mol/l) in non-diabetic rats increased retinal blood flow by 53.9±22.0% relative to baseline whereas this response to acetylcholine was blunted in diabetic rats (4.4±19.6%, p<0.001). Candesartan treatment of diabetic rats restored the acetylcholine-stimulated retinal blood flow response to 60.0±18.7% compared with a 56.2+20.1% response in candesartan-treated non-diabetic rats. Total retinal diacylglycerol levels were increased in diabetic rats (3.75±0.98 nmol/mg, p<0.05) compared with non-diabetic rats (2.13±0.25 nmol/mg) and candesartan-treatment of diabetic rats normalized diacylglycerol levels (2.10±0.25 nmol/mg, p<0.05). Conclusion/interpretation. This report provides evidence that angiotensin-converting enzyme inhibition and AT 1 receptor antagonism ameliorates retinal haemodynamic dysfunctions in normotensive diabetic rats. [Diabetologia (2004) 47:113-123] 
angiotensin-converting enzyme (ACE) inhibitor, lisinopril, decreased retinopathy progression in normotensive patients with Type 1 diabetes with little or no nephropathy [3] . These findings suggested that inhibition of the RAS can provide protective effects against retinopathy progression in the absence of hypertension, a factor that exacerbates the progression of this disease [2] . The ongoing Diabetes Retinopathy Candesartan Trial (DIRECT) programme includes three randomized, double-masked placebo control trials, which will examine whether treatment with the angiotensin AT 1 receptor blocker candesartan can reduce the incidence and progression of diabetic retinopathy in both Type 1 and Type 2 diabetic patients [4] . A primary objective of this programme will determine whether AT 1 antagonism provides protective effects against the incidence of retinopathy in a group of Type 1 diabetic patients without pre-existing retinopathy, nephropathy, or hypertension. While the use of AT 1 receptor antagonism to prevent early retinal vasculopathies in normotensive diabetic patients is currently under investigation, the mechanisms that could mediate beneficial effects of RAS inhibition on early changes in diabetic retinopathy, prior to the onset of proliferative disease, are not fully understood.
Recent reports on the role of the RAS on the retina have examined its effects on the expression of VEGF and its receptors in retinal cells and tissues. Treatment of spontaneously hypertensive streptozotocin (STZ)-induced diabetic rats with an ACEI or an AT 1 receptor antagonist reduced VEGF and VEGF-R2 expression [5, 6] . In addition, ACE inhibition has been shown to reduce retinal VEGF expression in normotensive STZ-induced diabetic rats [7] . These findings suggest that the angiotensin II/AT 1 pathway contributes to increased retinal VEGF expression in diabetes and hypertension and thereby could contribute to increased vascular permeability and neovascularization. While there is considerable evidence that RAS inhibition can reduce retinal VEGF expression in diabetes and hypertension, the roles of the RAS in retinal haemodynamic dysfunctions are unknown.
A reduction in retinal blood flow (RBF) is one of the earliest retinal vascular abnormalities detected in diabetes. This haemodynamic change has been described in patients with Type 1 diabetes [8, 9, 10] and in rodent models of diabetes [11] . The decrease in RBF caused by diabetes occurs prior to the development of histological abnormalities and is the result of increased microvascular resistance, which reduces the velocity of blood perfusion across the retinal arterioles and capillaries [9, 11] . The mechanisms by which diabetes causes microvascular resistance in the retina are not fully understood. Moreover, the role of the RAS on this vascular abnormality has not yet been described.
Another early diabetic vascular dysfunction, which has been described for a number of vascular tissues [12, 13] , is the impairment of acetylcholine-induced (endothelium-dependent) vasodilatation and blood flow. A limited number of studies have shown that ACE inhibitors and AT 1 antagonist can improve endothelial-dependent vasodilator function in brachial and femoral arteries in patients with Type 1 or Type 2 diabetes [14, 15, 16] . While endothelium-dependent vasodilatory response induced by acetylcholine (ACh) has been shown in isolated retinal arteries [17] , the effects of diabetes and RAS inhibition on vascular autoregulation in the retina in vivo have not yet been described.
This report investigates the effects of RAS inhibition by captopril, an ACE inhibitor, or candesartan, an AT 1 receptor antagonist, on RBF and ACh-induced vasodilatation in normotensive rats with STZ-induced diabetes. These studies examine whether RAS inhibition can ameliorate retinal haemodynamic abnormalities in diabetes.
Materials and methods
Instrumentation. The video fluorescein angiography (VFA) system used for these studies has been described previously [11, 18, 19] . Briefly, the system consists of an imaging camera, a video digitizing system, and an archival unit. For the captopril experiments, the imaging system consisted of a Nikon NFC-50 Fundus camera (Nikon, Tokyo, Japan) connected via an adapter to a DAGE-MTI Silicon Intensified Target low-light level video camera (Michigan City, Ind., USA). The fundus was imaged using the 50°field of the fundus camera. For the candesartan experiments, a scanning laser ophthalmoscope (SLO, Rodenstock Instrument, Munich, Germany) was used to image the fundus. The SLO provides a better signal to noise ratio and a higher image resolution than the Nikon/DAGE-MTI system. For the SLO, the argon blue laser (488 nm) was used for illumination with the filter setting for fluorescein angiography in the 40°field. The laser power and image gain levels were set to 3. The video output (NTSC) from either camera was digitized at 30 frames/s by a frame grabber board (Targa 2000, Pinnacle Systems, Mountain View, Calif., USA) and stored as an AVI sequence. The angiograms are digitized with a 640×480 pixel 8-bit format providing a 256-level gray scale. The analog video signal was recorded on a Sony Umatic video recorder (Sony, Tokyo, Japan) for archival purposes.
Animals. We used 92 male Sprague-Dawley rats (Taconic Farms, Germantown, N.Y., USA) with initial weights between 240 and 270 g. All experiments were performed in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and were approved by the Animal Care and Use Committee of the Joslin Diabetes Center. The rats were housed under standard conditions with free access to water and standard food. Diabetes was induced in 46 rats with an intraperitoneal injection of 55 mg/kg of streptozotocin (STZ) (Sigma, St. Louis, Mo., USA) in 10 mmol/l citrate buffer, pH 4.5 after a 12-h fast. Diabetes was confirmed with blood glucose measurements (>14 mmol/l) 24 h after STZ injection. All animals were maintained for 2 weeks before retinal blood flow measurements. Blood glucose concentrations and body weights were monitored every other day. Insulin (2 U Humulin NPH, Eli Lilly) was provided to diabetic rats every other day as needed to maintain stable body weight and blood glucose less than 28 mmol/l. Diabetic rats were not given insulin on the day of retinal haemodynamic analysis.
All animals, 24 h before retinal blood flow measurements, (under anaesthesia, 50 mg/kg pentobarbital sodium; Abbott Laboratories, North Chicago, Ill., USA) underwent catheterization with a polyvinyl catheter inserted into the right jugular vein as previously described [11, 18, 19] . The catheter was flushed with 0.1 ml of 1000 U sodium heparin before and after implantation. It was positioned subcutaneously along the shoulder, and the distal end was externalized to the back of the neck.
VFA procedure. Immediately before VFA measurements, each rat was anaesthetized, the left eye was dilated (1% tropicamide, Mydriacyl: Alcon, Fort Worth, Tex., USA), and a 100 µl syringe (Hamilton, Reno, Nev., USA) containing 10% sodium fluorescein was connected to the externalized jugular vein catheter. The rats were positioned on a platform attached to the imaging camera. The optic disc was centred and focused in the field of view, the VFA recording sequence was initiated, and a 5 µl bolus of fluorescein dye was rapidly injected into the jugular vein catheter [11, 18, 19] . The injection time was marked on the video recording.
Baseline angiograms were recorded from each rat before intravitreal injection with ACh or vehicle alonen. A further series of angiograms was then recorded at selected time points after the intravitreal injection.
Intravitreal injections were carried out by inserting a 27-gauge needle, attached to a 10 µl syringe (Hamilton), into the vitreous from a site 1 mm posterior to the limbus, as previously described [11, 18, 19, 20] . Injections were carried out directly over the optic disc region under direct visualization, and a timer was immediately started. VFA recordings were obtained at selected times after injection. The effective final concentrations of the injected agents were estimated knowing that the rat vitreous volume is approximately 120 µl [21] . Thus the retina would be exposed to a 12-fold lower concentration than the injected concentration.
Time course and dose response of intravitreal injections of acetylcholine. Intravitreal injections in STZ-induced diabetic rats and non-diabetic rats were done over a range of concentrations from 10 −6 to 10 −3 mol/l of ACh (Sigma, St. Louis, Mo., USA) dissolved in vehicle of phosphate-buffered saline (PBS). Rats injected intravitreally with vehicle alone served as control subjects.
VFA recordings were obtained before and at 2, 5, and 10 min after intravitreal injection. Blood pressures and heart rates were monitored using a non-invasive tail-cuff sensor and monitoring system (Ueda Electronics, Tokyo, Japan). Animals were maintained on a heated pad during the course of the measurements.
Data analysis. The recorded fluorescein angiograms were digitized on a frame-by-frame basis and analyzed densitometrically to determine retinal vessel diameters and retinal mean circulation times (MCTs) [11, 18, 19] .
Sample sites were chosen using primary retinal vessels at a fixed (1 optic disc diameter) radial distance from the centre of the optic disc. Vessel diameters in units of pixels were determined during peak fluorescein arterial and venous filling times at the defined vessel sample sites using a boundary-crossing algorithm. The average diameter for each vessel was measured for each sample site. The average vessel diameters for each eye represent the average of the individual vessel diameters for that eye.
At the fixed vessel sites, the average vessel fluorescence within a sample area defined by the vessel width was measured on a frame-by-frame basis to generate temporal fluorescence intensity or dye dilution curves. The resultant artery and vein fluorescence data were fit to a log normal distribution function from which average arterial and venous circulation times were calculated [11, 22, 23] . The arterial appearance time (AT) of the dye bolus, defined as the time between dye injection and the first detectable appearance (vessel fluorescence intensity greater than background level by 2 times the standard deviation of the average background intensity) of dye in the retinal artery, represents an assessment of systemic circulation times. The average MCT was calculated as the difference between the average retinal mean arterial and venous filling times for all primary arteries and veins. Retinal blood flow was calculated by dividing the sum of the squares of the arterial and venous diameters by the MCT [24] . Data establishing the sensitivity of this technique has been reported previously [25] .
Captopril and candesartan treatment in rats. Rats were treated with captopril (100 mg/kg/day, Sigma), candesartan cilexetil (TCV-116, 2 mg/kg/day, provided by Dr. Peter Morsing, Astra Hassle AB, Mölndal, Sweden), or vehicle in drinking water for 2 weeks [26] . The treatment was started immediately after diabetes was diagnosed. The vehicle for candesartan consisted of 10% polyethylene glycol (PEG400), 2% chemophor El, and 5% ethyl alcohol in distilled water (Sigma). Vehicle was mixed in the drinking water to match the volume of candesartan.
Retinal diacylglycerol assay. The rats were killed by inhalation of carbon dioxide after VFA measurements. Retinas were dissected and frozen immediately in liquid nitrogen. Retinal DAG was assayed as described previously [27, 28] . Briefly, the frozen retinal samples were thawed with 2.5 ml cold PBS and homogenized with a Polytron (Teramar, N.J., USA) for 20 s. A small aliquot of 5 µl was used for protein assay, using spectrophotometer (DU-530, Beckman, Fullerton, Calif., USA). After the addition of cold methanol and chloroform, total lipids were extracted twice and total DAG was measured using a DAG Assay kit (Amersham, Arlington Heights, Ill., USA) and DAG kinase (Calbiochem, San Diego, Calif., USA). The resulting radiolabelled phosphatidic acid, derived from DAG, was separated by thin-layer chromatography. Levels of total DAG were visualized and quantified by PhosphorImager analysis (Molecular dynamics, Sunnyvale, Calif., USA). The results for total retinal DAG were normalized by protein.
Statistical analysis. All values are reported as the means±stan-dard deviation. Statistical analysis software (SigmaStat; Jandel Scientific, San Rafael, Calif., USA) was used for statistical comparisons. Statistical analysis was conducted using the paired Student's t-test to compare baseline values with the values determined after injection in each group. Comparisons between two groups were carried out using the unpaired Student's t-test. For multiple comparisons, data were analyzed using Students-Newman-Keuls method for normal distributions or the Kruskal-Wallis one way analysis on ranks using Dunn's Method for unequal variance. A p value of less than 0.05 was considered statistically significant.
Results

Effects of ACE inhibition and AT1 receptor antagonism on retinal haemodynamics. Retinal blood flow (RBF) was measured in STZ-induced diabetic (DM)
and non-diabetic (NDM) rats in the absence or presence of treatment with the ACE inhibitor captopril. Group comparisons show that DM rats and captopriltreated DM rats had increased blood glucose concentrations and gained less weight than their NDM counterparts (Table 1 ). There were no differences in haematocrit and heart rate between the untreated-and treated-DM and NDM rats. Captopril treatment resulted in small decreases in systolic and mean blood pressure for both the DM and NDM groups. The mean circulation time (MCT) from primary retinal arteries to veins was measured using video fluorescein angiography. MCT in untreated NDM and DM groups were 0.69±0.18 s and 0.99±0.27 s (p<0.005), respectively (Fig. 1A) . Captopril normalized the MCT in DM rats in a dose-dependent manner to 0.73±0.20 s at 100 mg/kg/day captopril (p<0.05 vs untreated DM rats). The diameter of primary retinal arteries and veins and the fluorescein appearance time (AT) in DM and NDM groups were similar (Table 1) . RBF was reduced in DM rats compared with NDM rats (64.7±18.7% vs 100±33.4%, respectively, p<0.005). Treatment of DM rats with captopril at 50 and 100 mg/kg/day ameliorated this RBF abnormality (Fig. 1B) . Captopril did not alter MCT, vessel diameters, or RBF in NDM rats.
The role of the AT 1 receptor in the retinal haemodynamic abnormalities in diabetes was examined in rats treated with the angiotensin AT 1 receptor antagonist candesartan cilexetil at the dose of 2 mg/kg/day. Candesartan-treatment did not affect blood glucose, body weight, haematocrit, retinal appearance time, or artery and vein diameters in either DM or NDM groups (Table 2 ). Systolic and mean blood pressure of candesartan-treated NDM and DM rats was lower than vehicle-treated control rats (p<0.05). Measurement of retinal haemodynamics using a scanning laser ophthalmoscope (SLO) revealed prolonged MCT in DM rats (1.33±0.32 s) as compared with NDM rats (0.84±0.15 s) and treatment of DM rats with candesartan reduced MCT to 1.03±0.20 s (p<0.005) (Fig. 2A) . Candesartan also ameliorated the RBF abnormality in DM rats from 67±24 to 86±15% (p<0.05) relative to untreated NDM control rats (Fig. 2B) . Candesartan treatment of NDM rats did not affect MCT or RBF compared to vehicle-treated NDM controls. The difference between the MCT times (Figs. 1A, 2A) and pixel diameters ( Tables 1, Table 2 ) reported for the captopril and candesartan studies are due to the use of different optical magnifications provided by the fundus and SLO cameras. These two methods detected similar decreases in RBF in untreated DM rats 64.6±18.7% (Fig. 1B) and 67±24% (Fig. 2B ) compared with untreated NDM rats. To further characterize the retinal vessels being studied, fluorescent microspheres with a diameter of 15 µm±<5% were infused and entrapped in the retinal vasculature. These microspheres were 7.75 pixels in diameter using a 40°f ield for the SLO, resulting in the conversion between pixel and metric unit of 1.94 µm per pixel for the rat retina visualized by this method. Using this conversion factor, the diameters of artery (12.1 pixels) and veins (16.7 pixels) from NDM rats (Table 2) were estimated at 23.5 µm and 32.4 µm, respectively.
Effect of acetylcholine on retinal haemodynamics.
The effects of acetylcholine (ACh) on retinal haemodynamics in DM and NDM rats were assessed. MCT and RBF responses to intravitreal injections of ACh at concentrations of 10 −6 to 10 −3 mol/l or vehicle alone in NDM rats were determined (Fig. 3A,B) . ACh (10 −6 to 10 −3 mol/l) decreased MCT at 2 min post injection (p<0.01) in NDM rats. The maximum decrease in MCT was obtained at 10 −4 mol/l ACh (0.86±0.09 vs 0.63±0.07 s, baseline and 2 min after the injection, respectively p<0.01). MCT returned to the baseline 10 min after the injection. Intravitreal injection of 10 −4 mol/l ACh increased retinal artery diameter compared to the baseline measurement (12.6±0.9 vs 13.0±1.0 pixel, baseline and 2 min after the injection, respectively, p<0.01). The retinal vein diameters were also increased at 2 min after the injection of the 10 −6 mol/l to 10 −3 mol/l of ACh (18.1±1.6 pixel at baseline and 20.5±1.8 pixel at 2 min after the injection of 10 −4 mol/l ACh, p<0.01). Increases in RBF were observed 2 min after intravitreal injections of 10 −6 to 10 −3 mol/l of ACh (589.6±135.3 vs 960.1±165.6 pixel 2 /s, baseline and 2 min after 10 −4 mol/l ACh injection, respectively) (p<0.01) compared with the vehicle alone (617.3±83.9 vs 610.4±75.9 pixel 2 /s, baseline (Fig. 3B) . The RBF returned to the baseline 10 min after the intravitreal injections of ACh. Intravitreal injection of vehicle alone did not alter MCT, primary retinal vessel diameters, or RBF.
In contrast to results obtained with NDM rats, intravitreal injections of 10 −6 mol/l or 10 −5 mol/l of ACh did not shorten MCT (Fig. 3C) . Injection of the 10 −4 and 10 −3 mol/l of ACh in the vitreous of DM rats decreased MCT at 2 min after injection compared with baseline values (p<0.05) and compared with MCT at 2 min after vehicle injection (p<0.01). There was no change in artery diameter in DM rats injected with ACh at 10 −6 to 10 −3 mol/l. An increase in vein diameter was observed at the highest concentration (10 −3 mol/l) of ACh (16.1±0.9 vs 17.1±1.3 pixels, baseline and 2 min after 10 −4 mol/l ACh injection, respectively, p<0.05). No difference was observed in RBF in diabetic rats at 10 −6 mol/l (n=6) and 10 −5 mol/l (n=6) ACh or vehicle alone. However, there was an increase in RBF 2 min after intravitreal injections of the 10 −4 and 10 −3 mol/l concentrations of ACh (453.8±61.5 vs 636.8±127.1 pixel 2 /s, baseline and 2 min after the injection of 10 −4 mol/l ACh, p<0.01).
There was a dose-dependent increase in the percentage RBF change 2 min after ACh injection with the maximum at 10 −4 mol/l ACh (65.0±15.4%, p<0.01) (Fig. 4) . In diabetic rats, there were no differences in the RBF at 10 −6 or 10 −5 mol/l ACh compared to vehicle. An increase in RBF in DM rats was observed at 10 −4 ACh (39.8±15.3%, p<0.01 compared to vehicle) and the magnitude of this increase was less at higher (10 −3 mol/l) ACh concentration. Additionally, the magnitude of the per cent RBF change in diabetic rats was reduced compared to non-diabetic rats over the range of 10 −6 to 10 −3 mol/l ACh, (p<0.02).
Since the volume of the rat vitreous is approximately 120 µl, the final ACh concentration in the vitreous with a 10-µl injection would be diluted by a factor of 12. The half maximal effective concentration (EC 50 ) of ACh 2 min after the injection in NDM rats was approximately 10 −6 mol/l, which resulted in a final vitreous concentration of 80 nmol/l. The EC 50 of ACh on RBF in DM rats was between 800 nmol/l and 8 µmol/l.
Intravitreal injections of ACh did not affect the retinal appearance time, which was 1.78±0.19 s at baseline and 1.79±0.20 s, 2 min after ACh injection. These results indicate that intravitreal injection of ACh does not affect the systemic circulation.
Effect of candesartan treatment on retinal haemodynamic ACh response.
The ACh (10 −5 mol/l) stimulated increase in RBF was impaired in DM rats (5.0±8.6%) compared with NDM rats (52.7±17.7%, p<0.05) (Fig. 3, Fig. 4 ). Therefore this dose of ACh was utilized to examine the effect of candesartan treatment on ACh-induced MCT, vessel dilatation, and RBF in NDM and DM rats. As similarly shown in Figure 3C , 10 −5 mol/l ACh did not change MCT in DM rats (Fig. 5A) . In contrast, this dose of ACh increased MCT in candesartan-treated DM rats by 22.0±10.7% (p<0.01), which was comparable to the ACh-induced MCT response in NDM rats (24.0±7.6%). Candesartan treatment did not affect the ACh-stimulated MCT in NDM rats (19.5±6.8% vs 22.0±7.6% for vehicletreated NDM rats).
Intravitreal injection of 10 −5 mol/l ACh increased the diameter of retinal arteries by 5.6±2.7% (p<0.05, compared with baseline) in NDM rats but did not dilate arteries in DM rats (−1.2±6.5%, Fig. 5B ). Candesartan treatment preserved ACh-induced retinal artery vasodilatation in DM rats (5.4±3.6% increase, p<0.05 compared with baseline). The changes in retinal vein diameters in diabetes and candesartan-treated groups paralleled those observed in retinal arteries. ACh increased vein diameter by 10.9±5.9% in NDM rats compared with −0.7±4.3% and 13.9±2.2% for vehicle-treated and candesartan-treated DM rats, respectively (Fig. 5C ).
As shown above, ACh increased RBF in NDM rats by 53.9±22.0% whereas ACh did not affect RBF in DM rats (4.4±19.6% relative to baseline, Fig. 5D ). In Fig. 5a-d . Effects of candesartan on ACh responses in the retinal vasculature in diabetic and non-diabetic rats. NDM and DM rats were treated for 2 weeks with Candesartan (+) or vehicle (−). Video fluorescein angiography was carried out before and 2 min after intravitreal injection with 10 −5 mol/l ACh or vehicle. The effect of ACh on RBF, MCT, and arterial and venous diameters are shown. Results are expressed as means±SD and statistical differences are indicated as *p<0.05, **p<0.01, ***p<0.005 (ANOVA) contrast, ACh similarly increased RBF in candesartantreated DM rats and candesartan-treated NDM rats by 60.0±18.7% and 56.2±20.1%, respectively. Thus candesartan treatment preserved ACh-induced MCT, retinal vessel dilatation, and RBF in DM rats.
Captopril treatment of DM rats similarly improved ACh-induced MCT to 23.3±6.9% (p<0.02), retinal artery dilatation to 7.4±4.8% (p=0.006), retinal vein dilatation to 10.8±4.4% (p<0.001), and RBF to 57.2± 9.8% (p<0.02) (responses 2 min post ACh compared with baseline, data not shown). The effects of captopril and candesartan on these retinal haemodynamic parameters were not different.
Effect of candesartan treatment on diacylglycerol levels in the retina. Total retinal DAG levels were increased in DM rats (3.75±0.98 nmol/mg, p<0.05) compared with NDM rats (2.13±0.25 nmol/mg, Fig. 6 ). The increase in DAG levels in DM rats was prevented by candesartan treatment (2.01±0.59 nmol/mg, p<0.05 vs untreated DM rats). There was no difference between vehicle treatment and candesartan treatment in non-diabetic rats (2.13±0.25 vs 2.10±0.25 nmol/mg, respectively), and the levels of these rats were comparable to that of nontreated NDM rats (2.18±0.33 nmol/mg).
Discussion
This report shows that inhibition of the RAS can ameliorate retinal blood flow abnormalities in diabetes. Treatment with either an ACE inhibitor (captopril) or an AT 1 receptor antagonist (candesartan) blocked the prolongation of MCT, normalized RBF, and preserved ACh-induced vasodilatation in the diabetic retina. These effects of RAS inhibition occurred in diabetic rats in the absence of hypertension and without affecting blood glucose. Although both captopril and candesartan caused a small decrease in blood pressure in both NDM and DM rats, which were normotensive with similar blood pressures, these treatments only affected retinal haemodynamics in DM rats. Since the decrease in systemic blood pressure caused by RAS inhibition did not alter RBF in NDM rats it is unlikely that this small change in blood pressure contributed to the normalization of RBF in captopril-or candesartantreated DM rats. Previous work has shown that RBF is mainly controlled by autoregulatory mechanisms and local factors [29] . These results suggest that RAS inhibition blocked a diabetes-induced abnormality in the retinal vasculature, which thereby preserved retinal haemodynamics.
Previous studies have shown that treatment of DM rats with an endothelin type A receptor antagonist (BQ123), a PKCβ inhibitor (LY333531), or vitamin E could also ameliorate RBF abnormalities [10, 27, 30, 31] . In addition, intravitreal injections of endothelin-1 or phorbol dibutyrate (an activator of PKC) rapidly induced retinal arteriole constriction and prolonged MCT, which mimicked diabetes [31, 32] . In contrast, intravitreal injection of angiotensin II, at doses up to 10 −3 mol/l, did not increase MCT or inhibit RBF (data not shown). Moreover, while intraviteral injections of ETA receptor antagonist BQ-123 rapidly normalized RBF in diabetes, intravitreal injection of saralasin, an angiotensin receptor antagonist, did not acutely affect retinal blood flow [31] . The absence of effects of an immediate RBF response to intravitreal administration of angiotensin II or saralasin suggests that angiotensin II or AT 1 /AT 2 receptors do not acutely modulate retinal haemodynamics. In contrast, our study shows that a 2-week treatment of diabetic rats with an ACE inhibitor or an AT 1 antagonist normalized RBF. These results suggest that sustained effects of the AT 1 pathway contribute to the RBF abnormalities in diabetes. The mechanisms that mediate these chronic effects of the AT 1 pathway on RBF likely involve the local production of factors that cause microvascular vasoconstriction. The AngII/AT 1 pathway has been shown to up-regulate a number of pathways that induced vasoconstriction, including endothelin-1 expression, superoxide ion production, and the DAG/PKC activation in a number of vascular tissues in diabetes [33, 34, 35, 36, 37] . Retinal DAG levels are increased in STZ-induced diabetic rats and elevation of DAG levels by treatment of NDM rats with a DAG kinase inhibitor reduces RBF in a manner similar to that observed in diabetes [28] . Since activation of the angiotensin AT 1 receptor can lead to increased DAG [38] , the effect of candesartan on retinal DAG levels was measured. In this report, we show that the AT 1 receptor antagonism normalized retinal DAG levels in diabetes. Since RBF is regulated by resistance arteriole and capillary pericytes [31] , we propose that AngII/AT 1 effects on reti- nal haemodynamics are mediated by the up-regulation factors, such as endothelin-1 and/or DAG/PKC pathways, which induce sustained microvascular constriction [31, 32] . This conclusion is consistent with the results showing that treatment of DM rats with either captopril or candesartan normalized MCT and RBF without affecting primary retinal artery or vein diameters.
Several mechanisms could contribute to the enhanced actions of the AT 1 receptor in the retina in diabetes. Increased expression of ACE expression in the retina in STZ-diabetes has been reported, which could cause an increase in the local generation of angiotensin II [39] . It has also been shown that both retinal microcapillary endothelial cells and pericytes express angiotensin AT 1 receptors [40, 41] . Therefore increased production of angiotensin II within the retina might act in an autocrine or paracrine manner to increase factors, such as DAG, which leads to arteriole vasoconstriction [32] . Alternatively, diabetes could decrease activities of retinal-derived relating factors [42, 43] , resulting in the enhanced vasoconstriction by normal levels of angiotensin II-activation of AT 1 receptor activity.
While our group and others have reported that there is a decrease in RBF in diabetic animal models and in patients with Type 1 diabetes [8, 9, 10, 11] , other groups have reported that diabetes increases RBF [44, 45, 46] . The different results from these groups could be related to the methodologies used (video fluorescein angiography and laser Doppler velocimetry), the duration of diabetes, whether or not clinically observable diabetic retinopathy was present, the blood glucose levels at the time of the measurement, and the level of glycaemic control or haemoglobin A 1c in the studied patients [20, 47] . Previous studies have shown that RBF is reduced early in diabetes followed by a transition to increased RBF, which correlates with diabetes duration and level of diabetic retinopathy [20, 48] . A review article details a discussion on some of these issues affecting retinal haemodynamics measurement in early diabetes [49] . A reduction in RBF in early diabetes is consistent with existing results regarding the effects of PKC activation, increased production of vasoconstricting agents such as endothelin-1, and the attenuation in the action of vasodilating agents indicating that the expected net effect in the diabetic retina would be an increase in vascular resistance and a concomitant reduction in blood flow.
A previous study examined the effects of the ACE inhibitor perindopril and the beta-blocker atenolol on RBF in hypertensive diabetic subjects [50] . Although the perindopril-treated group in this study showed a trend for reduced RBF, which would reflect an improvement in this group, this change did not reach statistical significance compared to baseline. Interestingly, the RBF responses for the perindopril-and atenolol-treated groups were significantly different (p<0.05) [50] , indicating differences on the effects of these blood pressure treatments on retinal haemodynamics. This study also shows that diabetes impairs ACh induced blood flow and vasodilatation in the retina. ACh-induced vasodilatation of both retinal arteries and veins in NDM rats whereas both these responses were blunted in DM rats. In NDM rats, the magnitude of ACh-stimulated vasodilitation for veins was greater than that in arteries. These results could suggest that ACh induces vasodilatation of both primary retinal arteries as well as resistance microvessels, including arterioles. Microvascular dilation would increase venous blood flow. Alternatively, differences in artery and vein dilation could reflect differential effects of acetylcholine on arterial versus venous smooth muscle contractility. Previous studies have shown that the ACh-induced vasodilatation in isolated retinal arteries is mediated by endothelium-derived nitric oxide [17] . In addition, ACh could mediate endothelium-independent vasorelaxation of retinal arteries via the elaboration of nitric oxide from perivascular nerves [51, 52] . Intravitreal-injected ACh would have access to both neuronal tissue and the basolateral surface of the endothelium. While the physiological roles of retinal vasodilatation are not fully understood, retina-derived relaxation factor and/or nitric oxide have been proposed to mediate retinal vascular auto-regulation and its response to hypoxia [42, 43] . Thus RAS inhibition might improve vasodilatation in diabetes under conditions of hypoxia, and thereby decrease the subsequent hypoxia-induced stimulation of VEGF expression in retinal cells [53] .
Our report shows that ACE inhibition and AT 1 receptor antagonism prevent the development of retinal haemodynamic abnormalities in normotensive diabetic rats. These findings suggest that RAS inhibition can provide beneficial effects in preserving retinal blood flow in diabetes. This intervention could provide an additional proactive therapy for reducing the incidence of diabetic retinopathy.
